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Reactions of endo hydride olefin complexes Cp,M(H)L (M = Ta, Nb; L = 
C,H,, C,H,) with CsHS give the tantalocene and niobocene alkyls Cp,MR - 
C,Hs. In solution these complexes partly dissociate giving free cyclooctatetra- 
ene and only endo hydride olefin complexes_ Temperature-dependent ‘H NMR 
measurements indicate that the CsH, ligand is fluxional on the NMR time scale. 

The crystal structure of Cp,TaC,H, - C,H, shows dihapto coordination of 
the cyclooctatetraene ligand and further reveals the coplanarity of the tantalum 
atom, the (Y- and &carbon atoms of the propyl group and the two coordinated 
carbon atoms of the C,H, group. In addition there is an unusual planar confor- 
mation of the carbon skeleton of the C&H, group. 

Introduction 

Reactions of tantalocene and niobocene endo hydride olefin complexes with 
r-acceptor molecules (CO, R’NC) lead to the irreversible formation of alkyl 
species, in which the n-acceptor ligand is “end-on” coordinated [l-3]. The 
high thermal stability of the products results from a strong metal-ligand inter- 

action. 

On the other hand, the formation of Cp,NbC,H,(C,H,), with “side-on” coor- 
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dinated ethylene [4], from Cp2Nb(H)C2H, and C,H,, is probably reversible [5]. 
Depending on the bonding of the unsaturated substrate, the alkyl adducts show 
substantial differences in behaviour. 

For studying the reactions of olefins with hydride olefin complexes, we 
selected the cyclic polyolefin cyclooctatetraene (C,H,), mainly because of the 
relatively low-lying antibonding n-orbit& in this ligand and its various coordi- 
nation possibilities_ In the case of the coordination of cyclooctatetraene to 
Cp,TaR, q*-coordination is of special interest, because the C,H, behaves as a 
two-electron donor ligand, giving the metal an 18-electron configuration. Only 
for CpMn( CO),CsH, has the dihapto. coordination been unequivocally estab- 
lished by X-ray analysis [6 J . Preliminary studies on this complex have shown a 
high lability of the $-CsHs ligand, which is readily displaced by phosphines. On 
the basis of IR data a dihapto coordination of C&H, has also been proposed for 
the paramagnetic compound Cp2NbCsHs, prepared from CsHsNbCl, - THF and 
CpNa 171. 

In this paper we describe the formation and properties of cyclooctatetraene 
adducts of Cp,MR (M = Ta, R = C,H7; M = Nb, R = C4H9) and the molecular 
structure of the tantalum compound. 

Results 

Reaction of endo Cp,Ta(H)C,H, with an equivalent amount of C&H, in tolu- 
ene gives Cp,TaC,H7 - CsHs in good yield. An analytically pure product is ob- 
tamed by crystallization from toluene/pentane. The elemental analyses are con- 
sistent with the formula Cp,Ta&H, - C&H.+ The monomeric, dark red crystal- 
line compound is slightly air-sensitive and only moderately soluble in toluene 
and halogenatecl solvents_ 

The IR spectrum of Cp,TaC,H, - C&H, (Figure 1) is closely similar to that of 
Cp,NbC,Hs. The absorptions at 1515 and 1595 cm-‘, are assigned to the free 
double bonds of the CsH, ring, and the weak absorption at 1470 cm-’ is attrib- 
uted to the coordinated double bond. 

The ‘H NMR spectrum of Cp,TaC,H, - C,H, (Table 1) shows two resonances 
(at 6 = 4.55 and 4.44 ppm) due to the $-CSH, groups. At 35°C a broad singlet 
due to the eight C,H, protons is found at 6 4.88-5.35 ppm. In a rigid confor- 

i 

- 
D cm-’ 

Fig. 1. IR spectrum of CPZTaC$I7 - C&g. 
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TABLE 1 
‘H NMR DATA FOR Cp2MR.CaHe = 

Campound 
-M R 6CP 6R 6csns 

T.3 c3n7 4.55.4.44 0.6-1.5 4.88-5.35 
Nb c4% 4.79.4.45 0.5-1.9 4.70-5.05 

a CgDg solution. 35°C. internal standard TMS. 

mation however, the protons of the two coordinated carbon atoms are 
expected to be at higher field, cf. cyclooctatetraene oxide [ 81. The rather 
broad singlet from the C8H, protons indicates that in contrast with e.g. CpMn- 
(CO), - C&H,, the ring protons are almost equivalent on the NMR time scale, 
indicating dynamic behaviour of the C,H, ligand. 

The temperaturedependent ‘H NMR spectrum of Cp,TaC3H7 - CsH, in 
CD$OCD, shows some interesting features (Figure 2). At room temperature 

: this spectrum consists of two singlets due to the non-equivalent Cp groups 
(5.12 and 5.62 ppm), a singlet of the CsHs protons at 4.95 ppm and a signal 
due to the propyl group at higher field (0.8-1.7 ppm). At lower temperatures 
(-10°C) a broadening of the C,H, resonance is observed_ At about 40°C a 
remarkable change has taken place. The original C,H, signal has completely 
vanished; instead three new resonances are found at about 6.2 (m, 2 H), 5.35 
(m, 4 H) and 2.95 ( m, 2 H) ppm. At this temperature the spectrum is very simi- 
lar to those reported for CpMn(CO), - CaH, and cyclooctatetraene oxide [ 81. 
The spectrum does not change on further cooling to -90°C. These observations 
make it clear that a dihapto coordination of the C,H, ligand is favoured at low 
temperatures. 

The dynamic behaviour of the C,H, ligand in Cp,TaC,H, - C,H, is also illus- 
trated by the r3C NMR spectrum. At room temperature only one signal for the 
eight-membered ring is found at 6 105.53 ppm (J 178 Hz). In addition, there 
are one Cp resonance (6 100.29 ppm, J 176 Hz) and three resonances from the 
n-propyl group (a quartet at 6 22.50 ppm (J 125 Hz) and two triplets at 
6 29.07 ppm (J 123 Hz) and 6 17.74 ppm (J 121 Hz)). 

Pure Cp2TaC3H7 - CBH, decomposes above 171”C_(m.p. 161°C). In solution, 
however, Cp,TaC,H, - C,H, partly dissociates above 70°C, giving free cyclo- 
octatetraene and endo Cp2Ta(H)C3H6 only. The exclusive formation of endo 
Cp,Ta(H)C3H6 from Cp,Tan-C,H, -.q*-CsH, strongly supports the view that 
endo hydride olefin complexes are formed from Cp,TaCl, and n-alkyl Grignard 
reagents [ 91. Furthermore, this behaviour indicates that the ligand C,H, is 
“side-on” coordinated in Cp,TaC,H,( CsH8), comparable with the ethylene 
molecule in Cp2NbC2H,(C2H4) [ 41. 

The niobium complex Cp2Nb(C4Hg)C8Hs is very similar to the tantalum com- 
pound. It was prepared from endo Cp,Nb(H)C,Ha and after crystallization was 
identified by IR spectroscopy (free double bonds at 1515 and 1595 cm-‘; coor- 
dinated double bond at 1480 cm-‘), and ‘H NMR (Table 1) spectra. 
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Fig. 2_lH-NMR spectrum of CpzTaCZ3H7 - CSHS at various temperatures (resonances due to the solvent. 
~~tOne+j. are omitted). 

In order to establish the exact coordination of the cyclooctatetraene ligand 
and to check the arrangement of the ligands around the metal atom the struc- 
ture of Cp,TaC,H7 - C,H, was studied by X-ray diffraction. 
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Crystal structure of Cp,TaCJ+ - C.,H, 
The observed molecular structure of Cp,TaC,H, - C,Hs is shown in Figure 3. 

The bond lengths and angles are given in Table 2; best least squares planes and 
dihedral angles are given in Table 2. From Figure 3 and Table 2 it can be 
inferred that both cyclopentadienyl rings are n-bonded to the metal; they are 
approximately staggered_ The distances of the tantalum atom to the centroids 
RC(II1) and RC(IV) of the two rings are 2.06 and 2.04 A, respectively, whereas 
the average distances from tantalum to the carbon atoms of the two rings are 
2.38 and 2.35 A, respectively (Table 3). The rings are planar and the dihedral 
angle between the two ring planes is 50.1”. Mean C-C distances of 1.40 and 
1.39 L$ in the C,H, rings are normal values for this type of compound. 

The crystal structure unequivocally shows the dihapto coordination of the 
cyclooctatetraene ligand. 

The Ta-C(ll) and Ta-C(l2) bond lengths of 2.32 and 2.33(2) & respec- 
tively, are comparable with the Nb-C (olefin) distances in Cp,NbC2H5(C2H4) 
[4]_ A remarkably large value of l-45(2) A is found for the C(ll)-C(12) dis- 
tance of the coordinated double bond of the CsH, ring. This distance is con- 
siderably longer than that in the complexes CpMn(CO)&H, (l-398( 2) A) [6] 
and (CsHsCuCl), (l-392(11) A) [lo], which also have a q2-CsHs ligaud, and 
also exceeds the ethylene C-C distance of 1.406(13) ,% in Cp2NbC2H,(C2H,). 

Apart from the extraordinarily long C-C distance of the coordinated double 
bond, a regular alternation of longer and shorter C-C distances is found in the 
eight-membered ring. Despite the dihapto coordination of the cyclooctatetra- 
ene ligand and the alternating double bonds, the carbon skeleton of this ligand 
is planar; within 0.02 B all eight atoms lie in a plane (II) (Table 3). Further- 

Fig. 3. Stnm9mr.z of Cp2TaC3H, - $QHS_ 
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TABLE2 

BONDLENGTHS=ANDANGLES 

A Degrees 

Ta-C(ll> Z-32(2) 
Tzz-C(lZ) 2.33(2) 
Ta-C(l9) 2.29(l) 

Ta-C(1) 2.37(2) 

Ta-C(2) 2.36(l) 
Ta-C(3) 2.41(2) 

Ta-C(4) 2.39(2) 

Ta-C(S) 2.39(2) 

Ta--C(G) 2.35(2) 
Ta-C<7) 2.34(2) 
Ta-c<s) 2.31<2) 
Ta-C(9) 2.37(2) 
Ta-C<lO) 2.37(2) 

C<1)_C(2) l-39(3) 
C(2)--c<3) l-42(3) 
C(3_<4) l-41(2) 
C<4F-c<5) 1.34<3) 

C(5)--c(l) l-45(3) 

C(6)-C(7) l-39(3) 

C(7k-C(8) l-45(3) 

C(8)_C(9) l-33(3) 
C(9)--C(lO) l-39(3) 

C(lO)_C(6) l-37(3) 

c(ll)--c<12) l-45(2) 

C(l2k-C(13) l-43(2) 

C(13)--c(l4) l-36(3) 

C(l4)--c(l5) l-46(3) 

C(l5)--c(l6) l-40(3) 
C<16)-C(17) l-46(3) 
C<l7)-C(18) 1.36(3) 
C<lS)-C(ll) l-43(2) 

C(l9)-c(20) 1.50(3) 

C(2O)--c(21) l-53(3) 
Ta-RC(II1) 2.06 
Ta-RC(IV) 2.04 

C(ll)--Ta+Z(l2) 
Ta-C<ll)gc(12) 
Ta-C<12)-C(ll) 
Ta-c<11+c<18) 
Ta-C(12)+Z<13) 
C(ll)-Ta<(lS) 
Ta-C(19H(20) 
c(19)--c<2O)-cx21) 

cu1-c~-c~3~ 
CW-C(~I-C(~) 
C(3)--c<4)--c(5) 
C<4)--c(5)--c<1) 
'X5)--cW-C(2) 

_ C<6F-4x7+cx8) 
C(7)-C(8W(9) 
'-X8)--c<9)--c<10) 
C(9M(1O)--C(6) 
C~lO)--c<5)--c<7) 

C(ll)-C(12)--c(13) 
C(12)-C<13)--C(l4) 
C(13)-C(14)-C(15) 

C(l4)--c(l5)--c(l6) 
C(l5)--c(l6)--c(17) 
C(l6)--c(l7)--c(l8) 
C(17)-C(l8~(11) 
C(18j-C(ll)-C(12) 

360) 
72~ 
71<1) 

120(l) 
121(l) 

77(l) 
123(l) 
115<1) 

108<2) 
106<2) 
ill(2) 
lOS(2) 
107(2) 

105<2) 
lOS(2) 
111<2) 
106(2) 
111(Z) 

134(l) 
136(2) 
136(2) 
135<2) 
133(2) 

137(2) 
136(2) 
134(2) 

uStandard deviations(inparentheses)~einunitsofthelzstdecimalplace;RC(III)= C(l)-C(5)ring 

centroid.RC(IV)= C(6)-C(lO)ringcentroid. 

more,the structureconfirmsthe presence ofan-propy1g-roup.TheTa-C 

(n-propyI)bondlengthis 2_29(1)&whichliesinthe range observed for other 
Ta-C(sp3)distance.s [11,12].Thetantalumatom,thecarbonatomsC(11)and 

C(12)ofthe C&H8 ligand and thea-carbonatom C(19)ofthe n-propylgroup 

are almostcoplazur(plane1). Asin Cp,NbC,H,(C,H,)the P-carbon atom, 

C(20),ofthe alkylgroup alsolies inthisplane. The dihedralangle between this 
plane and the C,H, ring is 62.1”. There are no intermolecular C-C cdntacts less 
than 3.60 A in the crystal structure. 
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Discussion 

The crystal structure of Cp,TaC,H, - CsH, (Figure 3) ciearly shows the 
dihapto coordination of the C,H, group and therefore the bonding in this mole- 
cule is comparable with that in Cp,NbC,H,(C,H,). In both structures the metal 
atom, the two carbon atoms of the coordinated double bond and the a~- and 
P-carbon atoms of the alkyl group lie in one plane, corresponding with the yz- 
plane in the Lauher and Hoffman model for bent Cp,M systems 1131. For hy- 
dride olefin or related complexes a maximum over&p between the metal la, 
and olefin n* orbitals is expected if the olefin plane is perpendicular to this yz- 
plane. However, back donation of electrons from the metal into the olefin K* 
orbitals leads to a non-planar olefin with the substituents on the double bond 
bent away from the metal. Particularly for strong electron-withdrawing substi- 
tuents (e.g. CN, F) a large distortion of the planar geometry is observed_ At the 
same time the double bond becomes weaker and, therefore, longer. 

Previous results [ 1,2] have shown that Cp,TaR (R = alkyl) is an excellent 
s--donor species and so strong back donation into the X* orbitals of C,H, is also 
expected. The large C-C distance of the coordinated double bond and the large 
deviation of the dihedral angle between the yz-plane and the Cs-plane, from 
90” support this idea, although steric hindrance between the C,H, ligand and 
one of the CSH, ligands will also contribute to the latter deviation. 

Another important feature of this structure is the presence of a planar car- 
bon skeleton of the C,H, Ijgand. Free cyclooctatetraene exists in a non-planar 
tub form, with a deviation ((Y) (Fig. 4) from planar geometry of about 43” 
[ 141. Upon coordination to CpMn(CO), the tub conformation still persists 
(a = 35”), but it is less pronounced than in free CsH,. ln Cp,TaC,H, - C&H, the 
eight-membered ring is virtually planar (a! = 0”). 

On going from C8H, via CpMn(CO), - C&H, to Cp,TaC,H, - C&H, the stronger 
back donation induces a higher electron density on the C,H, ligand, which 
probably causes the planarity of the eight-membered ring. Another possible 
explanation for this unusual conformation of the cyclooctatetraene ligand may 
lie in the crystal packing forces. 

The cyclooctatetraene adducts Cp,MR - L are rather stable, they dissociate 
only in solution, and then only partially. No insertion of the olefin into the 
metal--alkyl bond is observed, in contrast to the reaction observed for com- 
plexes of lower, less sterically hindered olefins being studied at present. 

Experimental 

All experiments were performed under nitrogen. Solvents were distilled from 
benzophenoneketylsodium. The ondo isomers of Cp,Ta(H)C3H, and Cp,Nb(H)- 

Fig. 4. CsHs tub conformation. 
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TABLE 3 

LEAST SQUARES PLANES = 

Atoms Plalle P Q R s 

a) Equations of the planes 

Ta, C(11). C(12). C(19) I 0.2035 0.8384 0.5057 7.1347 
C(ll)--c(lS) II -0.5830 0.2306 0.7791 6.4048 
C(l)--c(5) III 0.6219 0.6982 0.3547 8.2176 

CW-CWO IV -0.1934 0.8128 0.5495 4.6345 

RC(III), Ta. RC(IV) V 0.1360 a.5437 0.8282 1.8525 

Atom Plane I Atom Plane II Atom Plane III Atom Plane IV Atom Plane V 

b) Distances of some atoms from the respectiue planes (in A) 

Ta -0.058 C(l1) 0.020 C(1) 0.004 
C(ll) -0.080 C(12) 0.007 C(2) -0.001 
C(l2) 0.086 C(13) -0.014 C(3) -0.002 
C(l9) 0.053 C(14) -0.017 C(4) 0.005 

C(20) --0.009 C(15) 0.024 C(5) -0.006 
C(21) 0.264 C(16) 0.012 Ta -2.058 
C(l3) -0.703 C(17) -0.027 
C(14) -1.885 C(18) -0.005 
C(15) -2.904 

C(16) -3.077 
C(l7) -2.305 
C(18) -1.109 

c) Dihednzl angles (deg.) 

I A II 62.1 I A V 89.5 

I r. III 27.0 II A V 63.9 

I A IV 23.1 III A IV 50.1 

C(6) -0.006 C(1) -0.800 

C(7) -0.004 C(2) 0.587 

C(8) 0.014 C(3) 1.196 

C(9) -Q.OlS C(4) 0.103 

(x10) 0.014 C(5) -1.086 

Ta 2.035 C(6) -1.014 

C(7) 0.239 

C(8) 1.170 

C(9) 0.490 

C(l0) -0.884 

a The equations of the planes are PI + Q J + RK = S in orthogonal tigstrom space where P. Q and R are 
direction cosines. referred to orthogonal unit axes I. J and K with Zlln. J/lb and K//c*. 

TABLE 4 

CRYSTALLOGRAPHIC DATA AND DETAILS OF EXPERIMENTAL METHODS 

Data Experimental details 

Monoclinic 

space group P21 In 

a = S-57(0.7) A 
b = 15.19(l) A 

c = 11.60(l) A 
fl = 97.05<15)0 
2=4 
D,.dC = 1.82 g cm_3 

fi(Cu) = 123.4 cm-’ 
3564 intensities 

3286 independent IF(hkl)l values with 
IFI > 3oWI) 

Weissenberg photographs of zero and higher 

layer lices 
Least squares refinement based on sin% values 

of 15 refkctions from counter data: 
h(C!u--K,) = 1.5418 A 

D exp = 1.80 <fIoating method) 
Dimensions crystal: 0.25 X 0.50 X 0.15 mm3 

Automatic Nonius CAD-4 diffractometer. 

N&filtered Cu radiation; w-scan. 
sin 0th Q 0.636 A-l_ 

Reflections with Z (net) < 0 were discarded_ 

Corrections for L-P. factors and absorption Cl51 
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TABLE5 

FINALPARAMETERS 

Atom x/a y/b z/c 

a) Coordinates for the non-hydrogen atoms 

Ta 

C<l) 
C(2) 

C(3) 
C(4) 
C(5) 
aa 
C(7) 
C(8) 
C(9) 
$.x10) 
all) 
W12) 
C<l3) 
Wl4) 
C<l5) 
'X16) 
C(l7) 

C(l8) 
C<lS) 
CGS) 
C<21) 

0.2102(l) 0.3252(l) 
0.3971<19) 0.4225<12) 
O-4427(14) O-3684(12) 

0.3619(18) 0.3887<12) 
0.2639<17) 0.4536<10) 
0.2825<20) 0_4755ao) 
O-2648(28) 0.2609(12) 
O-3569(21) O-2264(13) 
0.2681<23) 0.1779<10) 
0.1363<21) 0.1828<10) 
0.1288<22) 0.2361<12) 
0.0064<15) 0.3159(10) 
0.1206(17) 0.2784(11) 
0.1496(18) 0.1916(10) 
0.8401(22) 0.1123<14) 

-0.0482<23) 0.0786<12) 
-0.1587<22) 0.1142<13) 
-0.1848<19) 0.2017<13) 

-0.1200<16) 0.2812<12) 
O-5429(16) 0_4093<10) 
0.8831(19) O-4482(13) 

-0.0232(20) 0.5116<12) 

0.4567(l) 
0.4312<16) 
O-5253(16) 
0.6167(16) 
0.5729(15) 
0_4639<16) 

0.2836(X) 
O-3742(22) 
0_4441<16) 
O-3927(17) 
O-2942(15) 
O-5462(14) 
O-6245(12) 
0.6700(15) 
0.6603<17) 
0_6001(18) 
0.5245<17) 
O-4742(16) 
0.4833(14) 
O-3377(13) 
0.2254(16) 
0.1671(15) 

Atom Uli u22 u33 2 u12 2 u13 2u23 

b) Parameters Us (in 1 0m3 A21 of the tempemture factor erPf-2x2 Ch2 (a*)2 U11 + .._ 2ho*kbfLJ1z _..)I of 
the non-hydroge_n atoms 

Ta 42.9<3) 46X(3) 49.5(4) -X8(3) 8.3(3) 4-l(3) 
al) 50(S) 65<11) 69<11) -39(S) 17<9) -13(S) 

C(2) 1X6) 80(12) 71(12) -l&7) -5<7) -12<10) 
C(3) 58<10) 65(11) 55<11) -11<9) -16(S) --19(9) 

C(4) 50(9) 4OG3) 61(10) -7(7) .-l(S) -21<7) 
C<5) 72(12) 3W7) 65<11) -S(8) --4<S) -10(S) 

C(6) 142<21) 57<10) 33<9) -21<12) 55<12) -24(S) 
C(7) 59(12) 59(11) lOS(17) 13<9) 30(12) -32<12) 
C(8) 96(14) 28(7) 64(11) 15(S) ll(10) -5<8) 
CC-J) 77(12) .+X8) 72<12) -14(S) 43<10) -32(S) 

C(l0) 86<14) 57<10) 44<9) -13(S) 5C9) -31(S) 

all) 29U) 56(9) 54(Q) --6(7) 20(6) 3(8) 
C(l2) 46(S) 61<10) 28(7) 1<7) 18(6) 8(7) 
C(13) 53(10) 43(g) 53(9) 11<7) 22(S) 7<7) 
C(l4) 78<14) 71<12) 64<12) 25(11) 32(11) 17(10) 

C(l5) 77<14) 55<10) 69<13) -ll<lO) 37<11) -%S) 
C<l6) 74<13) 61(11) 67<12) -lS<lO) 38(10) -17(S) 

C<l7) 50(10) 81<13) 50<10) +x9) 11(S) -12<9) 
C(l8) =X8) 65ClO) 46<S) --6(77) 14<7) 0<8) 

c-x19) 44(S) 50<8) 42(S) 24C7) -3<7) 18<7) 
C<20) 50<10) 7%(12) 63<11) -l(9) 15(9) . 3<9) 
C(21) 70<12) 62<11) 53(10) 13<9) 15(S) 16<8) 

. . 
Standard deviations (in units of the last decimal place) are given in parentheses. . 
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